The exchange charge operators that correspond to the Fermi-invariant decomposition of quark-quark interactions have been constructed. Their effect on the electromagnetic charge radii of the nucleons, in combination with that of the relativistic corrections to the single-quark operator, has been studied with two constituent quark models with a spin and flavor dependent interquark interaction and a linear confining interaction, which give quantitative descriptions of the spectra for the light and strange baryons. One of the models gives both proton and neutron charge radii in agreement with the empirical results assuming reasonable values for the radii of the constituent quarks and r 2 d > r 2 u .
Introduction
The charge radii, along with electromagnetic form factors and magnetic moments, are observables that provide insight into the internal structure of the nucleons. Typical experimental values for the charge radius of the proton are (in fm) 0.805 ± 0.011 [1] , 0.81 ± 0.04 [2] , 0.862 ± 0.012 [3] and 0.88 ± 0.03 [4] . The study of the charge form factor of the neutron is experimentally difficult due to the absence of pure neutron targets. Electron-deuteron scattering and scattering of slow neutrons off atomic electrons have, however, shown the mean square charge radius of the neutron to be nonzero and negative. The values for the mean square neutron charge radius are (in fm 2 ) e.g. −0.113 ± 0.003 ± 0.004 [5] and −0.117 ± 0.002 [6] (when averaging [7] and [8] ). Theoretical expressions for the charge radii of the nucleons may be constructed from the corresponding charge density operators of a threequark system. Due to the small mass of the (constituent) quarks relativistic corrections to the charge density operator should also be taken into account in the impulse approximation.
In interquark interaction models that are flavor or velocity dependent (the interaction suggested in Ref. [9] being an example of the former) exchange current contributions will arise as a consequence of the continuity equation, and the corresponding exchange charge density contributions should therefore be included when calculating the charge radii of the nucleons in models of this type. It is possible to express the quark-quark interaction in terms of the five relativistic Fermi spin invariants SV T AP [10] , corresponding to effective scalar, vector, tensor, axial vector and pseudoscalar exchange. The corresponding exchange charge density operators associated with these invariants have been derived in the present work for light and strange (SU(3)) quarks. The exchange current contributions to the charge radius of the nucleons have then been calculated using two recently developed phenomenological models for the quark-quark interaction, which in combination with a static linear confining interaction give good descriptions of the spectra of the light and strange baryons [11, 12] .
The possibility that the constituent quarks would have a non-trivial electromagnetic structure, described by constituent quark form factors, has also been explored in this work. The total nucleon charge form factor, and subsequently the charge radius, would then also get contributions from the quark form factors. When these contributions are combined with the impulse ap-proximation and the exchange current contributions it is shown that the neutron mean square charge radius would take its empirical value only if the mean square charge radius of the d-quark is larger than that of the u-quark, i.e. r 2 d > r 2 u . It is found that the quark model interaction of Ref. [12] leads to exchange current contributions, which, when combined with the impulse approximation, lead to fairly satisfactory values for both the charge radii and the magnetic moments of the nucleons. This paper is divided into 5 sections. In section 2 we derive the charge form factor and the charge radius of the nucleon when including exchange current contributions, and in section 3 these results are applied to the phenomenological models of Refs. [11] and [12] . The possible charge form factors and radii of the quarks, and their effect on the charge radii of the nucleons are discussed in section 4, and a summarizing discussion is given in section 5.
The charge form factor and the charge radius
If a constituent quark (denoted here as i) is treated as a point Dirac particle without anomalous terms, its electromagnetic current operator can be expressed as
when p i and p ′ i denote the initial and the final momenta, respectively, and
] (in units of charge e) is the (SU(3)) charge operator of the quark i. An argument for the absence of anomalous current terms is given in [13] . Since J µ = ( J, iρ) the electromagnetic charge density operator is
where m is the mass of the constituent quark and E i = p 2 i + m 2 . By introducing a velocity operator v i = 1 2m ( p ′ i + p i ) and the momentum transfer q = p ′ i − p i , the momentum operators p i and p ′ i can be expressed as
3) and the expression (2.2) for the charge operator will, to the lowest order in q 2 , be
4)
The above expression (2.4) is then the impulse approximation with the (relativistic) Darwin-Foldy correction. The spin-orbit term in Eq. (2.2) will be linear in q and will not give a contribution for ground state baryons, and has therefore been left out in Eq. (2.4).
The electromagnetic charge form factor can now be calculated as the Fourier transform of the charge density operator. When using a three-body wave function that is symmetric with respect to the combined spin, flavor and spatial coordinates, the charge form factor of a system of three (constituent) quarks with the same mass m will then in the impulse approximation be
5) where in the expansion of the factor e i q· r 1 only the spatial scalar part needs to be taken into account for a ground state baryon. The terms indicated by O(q 4 ) are of higher order in q 2 . The impulse approximation (with relativistic corrections) for the mean square charge radius of the nucleon can then be calculated as < r 2 > IA = −6
If the model for the quark-quark interactions is flavor or velocity dependent the continuity equation implies that exchange current contributions have to be taken into consideration. The charge operator ρ for a two-quark system will then have exchange current corrections arising from the nonrelativistic reduction of the 5 Fermi spin invariants SV T AP defined as [10] 
It is possible (cf. calculations of exchange current corrections to two-nucleon systems in Ref. [14, 15] ) to construct the corresponding charge operators, denoted by ρ j , j = 1 . . . 5, as
where k 2 is the momentum transfer from quark 2 to quark 1, and (1 ↔ 2) is a term with the coordinates of quarks 1 and 2 exchanged. For simplicity we denote
k } ≡ Q (12) and
k } ≡ Q (21) . The operator Q (ij) can be cast in the form
The operators O j , j = 1 . . . 5, corresponding to effective scalar, vector, tensor, axial vector and pseudoscalar exchange mechanisms, will be
In the expressions above
, where p 1 and p 2 are the initial quark momenta, and p ′ 1 and p ′ 2 are the final quark momenta. The general form for an exchange current contribution to the nucleon charge form factor can be expressed as
where ρ ex is the exchange charge operator and r 12 = r 1 − r 2 . The corresponding contribution to the mean square charge radius is then < r
. Since the total charge form factor is F C = F C,IA · F C,ex , i.e. for the nucleon one has
the total mean square charge radius can be calculated as < r 2 >=< r 2 > IA + < r 2 > ex .
Nucleon charge radii in the chiral constituent quark model
In Refs. [11] and [12] two phenomenological models for the hyperfine interactions between quarks, each combined with a static linear confining interaction, were used to get satisfactory descriptions of the spectra of the light and strange baryons. These models (different versions of the so called chiral constituent quark model) will be used below, combined with a harmonic oscillator wave function of the form ψ(r 1 , r 2 , r 3 ) = ( mω π ) 3/2 e i P · R e − mω 2 (r 2 +ρ 2 ) , with an appropriate effective oscillator frequency ω (540 MeV as in Ref. [16] and 1240 MeV, corresponding to an estimate of the impulse approximation radius without relativistic corrections of the model in Ref. [12] ). The coordinates R, r and ρ are defined as
In the calculations the (renormalized) center-of-mass coordinate R is removed. With this wave function the impulse approximation (with relativistic corrections) for the mean square charge radius can be calculated from Eq.
(2.6) as
The static linear confining interactions of Refs. [11] and [12] are spin and flavor independent, and can formally be viewed as static approximations to scalar exchange interactions, the signs of which are positive instead of negative as for a conventional scalar exchange interaction [17] . Since the matrix elements of terms in Eq. (2.10) that contain P 1 or P 2 will be small, the contribution to the charge operator from scalar meson exchange mechanisms will be
where v + 1 ( k) is the inverse Fourier transform of the confining potential, which in the model of Ref. [11] isṽ conf (r 12 ) = Cr 12 .
(3.4a)
The value of the parameter C is 0.474 fm −2 in this model. In the model of Ref. [12] we haveṽ
where the value of the parameter C ′ is 2.33 fm −2 and where V 0 = −416 MeV. With the oscillator wave function the confinement contribution to the charge form factor can be calculated from Eqs. (2.11) and (3.3), and the corresponding mean square charge radius will then for the model of Ref. [11] be 
The factor R(ω) represents a relativistic correction to the exchange charge operator, originating in the spinor normalization factor and the energy denominator in the small component of the quark wave functions (see Ref. [16] for a discussion on this factor in the context of exchange magnetic moment operators), the value of which is 0.46 for ω = 540 MeV (used in Eq. (3.5a)) and 0.28 for ω = 1240 MeV (used in Eq. (3.5b)). The confinement contribution can, as is readily seen from the above equations, be viewed as a one-body contribution to the charge radius because of the equality < Q (1) >=< Q (2) >.
In the models of Ref. [11] and [12] the potential function v( k) of the hyperfine interaction can be obtained as the inverse Fourier transform of
where for the first model we have
with g 2 4π = 0.67, m = 340 MeV (the constituent quark mass), µ = 139 MeV (the mass of the π-meson), α = 2.91 fm −1 and r 0 = 0.43 fm [11, 16] . For the second model the corresponding expression for f (r) is
The values of g 2 4π , m and µ are the same as above and λ = λ 0 + κµ , where λ 0 = 2.87 fm −1 and κ = 0.81 [12] . As was shown in Ref. [16] for the first model, corresponding to Eq. (3.7a), a part (the volume integral of which vanishes) of the hyperfine interaction can be interpreted as coming from pseudoscalar exchange mechanisms, while the remaining part should be treated phenomenologically, using an exchange charge operator that corresponds to an interaction with a nonvanishing volume integral. In the case of the second model (Eq. (3.7b)) the hyperfine interaction can, however, be interpreted as coming solely from pseudoscalar exchange mechanisms, since the volume integral of the interaction vanishes. The contribution from effective pseudoscalar meson exchange, taking into account only the spatial scalar component of the exchange charge operator for a ground state baryon, can be derived from Eqs. (2.8) and (2.10e) as
As in Ref. [16] only a fraction X = 0.094 of the interaction f (r) in Eq.
(3.7a) will be interpreted as arising from effective pseudoscalar exchange. For the model of Ref. [12] the value of X is 1. Also the relativistic correction R(ω) should be taken into account, and one finally gets for the effective pseudoscalar meson exchange contribution to the mean square charge radius 
and if the remaining part (1−X) = 0.906 of the interaction f (r) in Eq. (3.7a) is identified as arising from effective axial vector exchange, which does not put any restraints on the volume integral of the interaction, the corresponding contribution to the mean square charge radius will be
(3.11) Another possibility is to ascribe the fraction (1 − X) to tensor exchange mechanisms, which as for axial vector exchange mechanisms may have a nonvanishing volume integral for the interaction. The exchange charge operator for effective tensor exchange is, as derived from Eqs. (2.8) and (2.10c),
and correspondingly the contribution from tensor exchange mechanisms to the mean square charge radius will be
The matrix elements of the spin-flavor parts of the exchange current contributions to the charge radii of the nucleons are < Q (1) >=< Q (2) >, < Q (12) >=< Q (21) > and < σ (1) · σ (2) Q (12) >=< σ (2) · σ (1) Q (21) >, the numerical values of which are given in Table 1 . The numerical values for the mean square charge radius contributions from the impulse approximation (with relativistic correction), from confinement and from pseudoscalar exchange mechanisms, and in the case of the model of Eq. (3.7a), from axial vector and tensor exchange mechanisms, are given for the proton and the neutron in Table 2 for both models.
Charge form factors of the quarks
In the previous sections the constituent quarks have been treated as pointlike objects without internal structure. If, on the other hand, the constituent quarks have a non-trivial electromagnetic structure, i.e. they are assumed to be dressed by their mesonic (quark-antiquark) polarization clouds, quark form factors can be introduced. The charge operator Q (i) in Eq. (2.1) can be expressed as
where F 3 and F 8 are possible quark form factors, normalized as F 3 (0) = F 8 (0) = 1. The general expression for Q (i) (q 2 ) is then
A possible quark contribution to the form factors of nucleons can subsequently be expressed as
and the total charge form factors of the nucleons are calculated as F C,tot = F C,q · F C,IA · F C,ex . It is possible to re-express the quark form factors in terms of contributions from up and down quarks. We note that
with the normalization conditions F u (0) = F d (0) = 1. By combining Eqs. (4.2) and (4.3) we then get for the quark contributions to the charge form factors
6 +O(q 4 ), the quark contributions to the proton and neutron mean square charge radii can be calculated as
The total mean square charge radius of a nucleon can now be calculated as < r 2 > tot =< r 2 > q + < r 2 > IA+ex , where < r 2 > IA+ex represents the combined contribution from the impulse approximation (with relativistic correction) and all the necessary exchange charge contributions. The term < r 2 > IA+ex can be calculated by adding the different contributions in Table  2 , and the result is given in Table 3 .
If the quark contributions < r 2 > q,p and < r 2 > q,n are chosen so as to obtain values for the total mean square charge radii < r 2 > tot,p and < r 2 > tot,n as close as possible to the empirical ones, estimates of the mean square charge radii of the u-and d-quarks can be done. In the case of the model of Ref. [11] it is not possible to adjust the quark radii < r 2 > u and < r 2 > d as to get predictions for both the proton and neutron charge radii that simultaneously agree with the empirical ones. In this case we have therefore chosen to adjust the quark radii as to get the empirical value for the neutron mean square charge radius, while the proton charge radius will have the value predicted by the impulse approximation combined with the exchange charge contributions (i.e. no contribution < r 2 > q,p ). For the model of Ref. [12] the charge radii of the quarks have been determined by adjusting their values as to get the empirical mean square charge radii of both the proton and the neutron. The values for < r 2 > q,p and < r 2 > q,n and the corresponding estimated mean square charge radii < r 2 > u and < r 2 > d are given for both models in Table 3 .
Discussion
In this work the exchange charge operators that correspond to the Fermiinvariant (SV T AP ) decomposition of the quark-quark interactions for a two quark system have been constructed. Their contributions to the charge radii of the nucleons, combined with results from calculations in the impulse approximation with relativistic corrections due to the smallness of the (constituent) quark mass, have been calculated in two phenomenological models for the interquark interaction (different versions of the so called chiral constituent quark model). The possibility that the constituent quarks are not point-like but have a non-trivial electromagnetic structure described by quark form factors has also been explored.
A comparison between the results of Table 2 and 3 and the empirical value for the electromagnetic charge radius of the proton (< r 2 > 1/2 p = 0.862 fm [3] ) shows that the predicted proton charge radius without any quark radii contributions is of the order of 30 % larger than the empirical value for the model of Ref. [11] (Model 1) and for the model of Ref. [12] (Model 2) it is approximately 20 % smaller than the empirical value. Within Model 1 the assumption that the phenomenological part of the hyperfine interaction is due to tensor exchange mechanisms (Model 1b) will give a result that is closer to the empirical one than when assuming axial vector exchange mechanisms (Model 1a). In both cases, however, the phenomenological part of the interaction gives a rather large contribution compared to the contribution from the part arising from pseudoscalar exchange mechanisms. As was already discussed in Ref. [16] the fraction of the interaction that should be ascribed to pseudoscalar exchange mechanisms is not uniquely determined by the interaction and the result also strongly depends on the value for the radius where the interaction changes sign (in this model at 1.26 fm). For a smaller value of the radius a larger fraction of the interaction can be ascribed to pseudoscalar exchange mechanisms, resulting in a smaller contribution to the mean square charge radius from the phenomenological term, and a value for the charge radius (without explicit quark contributions) of the proton that is closer to the empirical one. In Model 2, on the other hand, the only exchange charge contributions that are considered are the confinement and pseudoscalar exchange charge contributions (the signs of which are opposite to the corresponding contributions in Model 1), resulting in a value that is somewhat smaller than the empirical proton charge radius.
The results for the neutron electromagnetic charge radius are not equally satisfying, as the sign of the calculated mean square radius is positive instead of negative in Model 1 and, even though negative, not very close to the empirical value in the case of Model 2 (empirically < r 2 > n = −0.117 fm 2 [6] ). It can be argued that the necessary difference in sign between the results for the proton and the neutron in Model 1 should come from the spin-flavor operators in the expressions for the different contributions to the mean square radius. Since there will be no contribution to the neutron charge radius neither from the impulse approximation nor from confinement (cf. Eqs. (3.2), (3.5a) and Table 1 ), only the contributions from pseudoscalar, axial vector or tensor exchange mechanisms can affect the sign. As can be seen from Eqs. (3.9), (3.11) and Table 1 , contributions from pseudoscalar and axial vector exchange mechanisms will have the same sign for the proton and the neutron. The contribution (3.13) from tensor exchange mechanisms consists of two parts, with different spin-flavor matrix elements. The sign of the first one (< Q (12) + Q (21) >) differs between the proton and the neutron, but its contribution in Model 1 will be too small to affect the sign of the total contribution from tensor exchange mechanisms, which will be the same for the proton and the neutron. Even if vector exchange mechanisms would have been considered a difference in sign between the proton and the neutron contributions in Model 1 would not have been obtained, as Eqs. (2.8) and (2.10b) describing vector meson exchange mechanisms will result in a spinflavor matrix element of the form < Q (12) (21) ) >, the numerical value of which is 28 9 for the proton and 4 27 for the neutron.
Without any contributions from the charge radii of the quarks themselves the mean square charge radius for the neutron will consequently, in conflict with experiments, be positive in Model 1 and have a very small negative value compared to the empirical one in Model 2. If, on the other hand, the electromagnetic charge form factor is defined as F C,tot = F C,q · F C,IA · F C,ex , where F C,q is the quark contribution, the expression for the mean square charge radius will contain an additional term < r 2 > q (cf. Eq. (4.5)). When assuming that the electromagnetic charge radius of the d-quark is larger than that of the u-quark it is possible in both the models studied in this work to obtain a negative value close to the empirical one for the mean square charge radius of the neutron. As an example it can be shown from Table 3 that in Model 1 the calculated neutron mean square charge radius will have its empirical value and the proton charge radius the value given by the combined impulse approximation and exchange charge contributions when assuming tensor exchange mechanisms (Model 1b), if the charge radius for the u-quark is 0.43 fm (< r 2 > u = 0.181 fm 2 ) and for the d-quark 0.85 fm (< r 2 > d = 0.726 fm 2 ) (assuming axial vector exchange mechanisms (i.e. Model 1a) the corresponding values are 0.57 fm (0.330 fm 2 ) and 1.15 fm (1.332 fm 2 )). In Model 2 it is possible to adjust the values for the mean square charge radii of the u-and d-quarks to get agreement between the predictions and the empirical data for both the proton and the neutron (cf. Table 3 ). When assuming the oscillator frequency to be 1240 MeV (corresponding to an impulse approximation radius without relativistic effects of 0.304 fm [18] ), the radius for the u-quark is determined to be 0.55 fm (< r 2 > u = 0.307 fm 2 ), while the radius of the d-quark is 0.69 fm (< r 2 > d = 0.470 fm 2 ). It is not clear why the charge radii of the d-quark and the u-quark should differ in this way, even though the suggestion of a difference in the electromagnetic structure of the u-and d-quark is not totally new (see Ref. [19] , where the charge radius of the u-quark, however, is larger than that of the d-quark).
Both models give good descriptions of both the spectra and the magnetic moments of the proton and the neutron. The magnetic moments (expressed in nuclear magnetons) for the proton and the neutron in Model 1 have been given in Ref. [16] as 2.81 and -2.06, respectively, assuming that the phenomenological short range interaction is associated with axial vector exchange mechanisms. The corresponding values in Model 2, assuming exchange current contributions only from confinement and pseudoscalar exchange mechanisms and using the same methods for the calculations as in Ref. [16] , are 2.58 and -1.77. The predicted values for the magnetic moments are thus within 8 % of the experimental results (2.79 and -1.91) in both models. Model 2, however, seems to give more reasonable predictions for the overall description of the nucleons and the constituent quarks when the results for the charge radii of the nucleons and the predictions for the constituent quark radii discussed above are taken into account. The parameter describing the confinement strength also seems to be more realistic in Model 2. The generally accepted value for the string constant of qq-systems (mesons) is b ∼ 1 GeV/fm, derived from the charmonium spectrum [20] and consistent with Regge phenomenology and numerical lattice QCD results (for a review article, see Ref. [21] ). For baryons the string constant is 1 2 b, which corresponds to the value of the string tension parameter C ′ = 2.33 fm −2 ≈ 460 MeV/fm for the confinement in Model 2. Table 1 The matrix elements of the spin-flavor operators
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8 , σ (1) · σ (2) Q (12) and σ (2) · σ (1) Q (21) for the proton and the neutron. < σ (1) · σ (2) Q (12) >=< σ (2) · σ (1) Q (21) > 2 Table 2 Numerical values for the impulse approximation and exchange charge contributions to the mean square charge radius of the proton (p) and the neutron (n) given in fm 2 . Here IA, conf , P , A and T indicate impulse approximation with relativistic correction, confinement, pseudoscalar, axial vector and tensor exchange mechanisms, respectively. Model 1a and 1b correspond to the model of Ref. [11] when the phenomenological part of the interaction is interpreted as coming from axial vector and tensor exchange mechanisms, respectively. Model 2 corresponds to the model of Ref. [12] when the impulse approximation radius of the proton (without relativistic correction) has the value 0.304 fm (ω = 1240 MeV in the harmonic oscillator model). Table 3 Numerical values for contributions to the mean square charge radius of the proton (p) and the neutron (n) given in fm 2 . The models 1a, 1b and 2 are the same as in Table 2 . In all of the models the up-and down-quark contributions have been determinedas to give values for the total mean square charge radii of the nucleons as close to the empirical ones as possible. For the proton we have the quark contribution < r 2 > q,p = 4 3 < r 2 > u − 1 3 < r 2 > d and for the neutron < r 2 > q,n = 2 3 < r 2 > u − 2 3 < r 2 > d , where < r 2 > u and < r 2 > d are the up-and down-quark contributions. The combined impulse approximation and exchange charge contributions < r 2 > IA+ex have been calculated by adding the corresponding terms in Table 2 . The total mean square charge radius is calculated as < r 2 > tot =< r 2 > q + < r 2 > IA+ex . 
